1. Introduction {#sec1}
===============

Multilayered composite nanoparticles (MC-NPs) are gaining a significant interest in the pharmaceutical industry with applications ranging from controlled drug delivery to theranostic imaging [@bib1], [@bib2], [@bib3], [@bib4], [@bib5], [@bib6], [@bib7], [@bib8]. The fabrication process typically involves layer-by-layer deposition of biologically functional surfaces onto silica, gold, or polystyrene templates, thereby leading to versatile and tunable compositions of NPs. These multilayered structures allow unprecedented control over shell-mediated biological interactions, demonstrated in the landmark work of Richtering et al. in the fabrication of stimuli-responsive microgels with unique core/shell behavior [@bib9], [@bib10]. However, reported fabrication methods of MC-NPs to date, including condensation from vapor, chemical coating, and solid-state processes, offer little control over the properties of individual layers so that morphology, elasticity, and particle size cannot be independently adjusted for each layer [@bib11], [@bib12], [@bib13], [@bib14]. The key challenge in the design flexibility and complexity of MC-NPs is the difficulty of creating a versatile template with easily adjustable properties.

Recently, we reported a controlled *in-situ* gelation method for fabrication of hydrogels and hydrogel particles [@bib15], [@bib16]. Adjustment of the gelation time followed by seed emulsion allowed a high degree of control over each layer, yielding a biocompatible multilayered nanogels with tunable size, swelling capacity, and degree of crosslinking. Inspired from the facile fabrication of customized multilayered nanogels, we hypothesized that this general approach could be applied towards the production of multi-responsive MC-NPs. In this work, we first establish a versatile design platform for MC-NPs, where fabrication criteria included various stimuli-responsive layers, biofunctional surfaces, and adjustment of gelation times. With these fundamental understandings, we next specifically design "smart" MC-NPs responsive to magnetic and pH stimuli, and explore further applications as controlled-release rhBMP-2 carriers in periosteum-mimetic structures for bone tissue formation *in-vivo* ([Fig. 1](#fig1){ref-type="fig"}).Fig. 1The fabrication process of various multilayered composite nanoparticles. a) Controlled formation of the nanogel core, silica shell-nanogel core NPs (GS), pH-responsive poly-(acrylic acid) (PAA)-silica-nanogel NPs (GSP), and hydroxyapatite (HA) coated PAA-silica-nanogel NPs (GSPH). b) Magnetic-responsive release produced by magnetic silica-nanogel NPs under high-frequency alternating magnetic fields (HFMF). c) pH-responsive release of PAA-silica-nanogel NPs. d) *In-vivo* translation of multilayered composite nanoparticles toward periosteum-mimetic biomaterials for bone repair.Fig. 1

2. Materials and methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

1-(2-aminoethyl)piperazine (AEPZ, Aldrich), N,N\'-bis(acryloyl)cystamine (BAC, Fluka), poly(ethylene glycol) methyl ether (Mn: 750, Aldrich), span80 (J&K) and tween80 (J&K) were purchased and used without further purification. α-Amino-ω-methoxy-poly(ethylene glycol) was prepared from poly(ethylene glycol) methyl ether according to literature [@bib17]. L-lactide and glycolide were purchased from PURAC (the Netherlands) and purified by recrystallization in ethyl acetate (Beijing Tonghua fine chemicals company) twice. Poly(lactic-*co*-glycolic acid) (PLGA) was prepared by ring-opening polymerization of L-lactide and glycolide under 65 Pa in sealed glass ampoules at 180 °C for 20 h in the presence of stannous octoate as catalyst (0.05 wt%). The raw PLGA (50/50) (85,000) (Molecular weights were determined by GPCmax VE-2001 gel-permeation chromatography) was purified by dissolving in chloroform and re-precipitation from ethanol, followed by drying in vacuum at room temperature for 48 h. The 1,4-dioxane and other reagents were obtained from Beijing Chemical Reagents Company, China and directly used without further treatment. The 1,4-dioxane used in here was not chromatographically pure. All other chemicals were purchased from Sigma-Aldrich.

2.2. Synthesis of hyperbranched poly(BAC2-AEPZ1)-PEG (BAP) {#sec2.2}
----------------------------------------------------------

The hyperbranched poly(BAC2-AEPZ1)-PEG (BAP) was synthesized by a one-pot, two-step Michael addition polymerization [@bib15]. In detail, BAC (3.0 mmol) was dissolved in 10 mL of methanol at room temperature. AEPZ (1.5 mmol) was added dropwise to the solution while stirring, followed by rinsing with 2 mL of methanol. The mixture was stirred at 50 °C for about 6 days. 2.3 mmol of α-amino-ω-methoxy-PEG (Mn = 750) was added stirred at 60 °C for one week to seal terminal vinyl groups. The product was precipitated from the reaction using 200 mL of diethyl ether under vigorous stirring. The polymer was collected and purified by re-precipitation from a methanol solution into 100 mL of acetone containing 5 mL of 37% concentration HCl followed by drying under vacuum at 50 °C for 24 h. A water soluble hyperbranched poly(amido amine), poly(BAC2-AEPZ1)-PEG (BAP), was obtained as depicted in [Fig. 2](#fig2){ref-type="fig"}.Fig. 2Chemical structure of the polymer, poly(BAC2-AEPZ1)-PEG (BAP).Fig. 2

2.3. Preparation of loose and compact nanogels {#sec2.3}
----------------------------------------------

The inverse mini-emulsion method was adopted for producing loose and compact nanogels ([Fig. 3](#fig3){ref-type="fig"}). In detail, decane was selected as the organic continuous phase, and a mixture of span80/tween80 (0.49 g/0.51 g) with a weight ratio of 49: 51 was used as surfactant. The organic mixture containing decane and surfactants was formulated with the decane/surfactant weight ratio of 19 g: 1 g. The aqueous solution was prepared by dissolving 10 mg of BAP in 25 μL of deionized water, and basified using 7.8 μL of 5 M Sodium hydroxide (NaOH). Then 32.8 μL of the aqueous solution was immediately added into 25 mL of the organic mixture, stirring at 700 rpm to yield a stable mini-emulsion. The emulsion was injected with 2 mL of deionized water to lower the pH and terminate gelation after a predetermined time ranging from 4 to 10 h. The emulsion was centrifuged at 1000 rpm for 1 min, and the upper surfactant and decane layers were discarded. The remaining liquid was dialyzed by deionized water to obtain pure, surfactant-free nanogels.Fig. 3The fabrication process of loose and compact nanogels.Fig. 3

2.4. Preparation of nanogel/silica NPs {#sec2.4}
--------------------------------------

The template method was utilized for producing loose and compact double-layered nanoparticles. To prepare the template, decane was selected as the organic continuous phase, and a mixture of span80/tween80 (0.49 g/0.51 g) was used as surfactant. The organic mixture containing decane and surfactants was formulated with the decane/surfactant weight ratio of 19:1. The aqueous solution was prepared by dissolving 10 mg of BAP in 25 μL of deionized water, and basified using 7.8 μL of 5 M NaOH. Then 32.8 μL of the aqueous solution was immediately added into 25 mL of the organic mixture, stirring at 700 rpm to yield a stable mini-emulsion. The emulsion was injected with 2 mL of deionized water to lower the pH and terminate gelation after a predetermined time ranging from 4 to 10 h. The emulsion was centrifuged at 1000 rpm for 1 min, and the upper surfactant and decane layers were discarded. The remaining liquid was dialyzed by deionized water for 30 min and mixed with 2 mL 27% ammonium hydroxide, and then injected into 4 mL ethanol containing 10 μL tetraethyl orthosilicate (TEOS), stirring at 300 rpm for 1 h to obtain the nanoparticles. After dialysis using deionized water, the nanoparticles were characterized by TEM and dynamic light scattering (DLS) spectrum (Zetasizer Nano ZS, Malvern).

To prepare silica capsules, nanogel/SiO~2~ NPs with 4, 6, 8 and 10 h gelation cores were prepared as above, and then dialyzed by 1 × PBS containing 30 mM Glutathione (GSH) for 24 h, followed by further dialysis of the emulsion by deionized water for 3 days to obtain silica capsules, characterized thereafter by TEM and DLS.

2.5. Preparation of the magnetic-sensitive nanoparticles {#sec2.5}
--------------------------------------------------------

In detail, 353.2 mg (1 mmol) ferric acetylacetonate was stirred with 30 mL of triethylene glycol and passed through N~2~ for 10 min. Then the mixture was refluxed at 278 °C for 30 min. After the color of the mixture turned from red to brown, we precipitated the mixture in ethyl acetate 5 times to get pure Fe~3~O~4~ nanoparticles. The products were analyzed using transmission electron microscopy (TEM, JEOL JEM-2200FS) and powder X-ray diffraction spectroscopy (XRD, D/max 2500 VB2þ/PC, Rigaku).

To the organic mixture containing decane and surfactants describe above, an aqueous solution was added containing 10 mg of BAP and 7 mg of Fe~3~O~4~ nanoparticles in 25 μL of deionized water and 7.8 μL of 5M NaOH. Protocols for obtaining a mini-emulsion, gelation, and dialysis were followed as described above. To obtain magnetic nanogel NPs without a silica layer, we omitted the extra step of deionizing with ammonium hydroxide and injecting TEOS.

Characterization of magnetic nanogel/SiO~2~ NPs (GFS) was performed by TEM analysis along with the superconducting quantum interference device (SQUID, MPMS-XL7, 298 K and ±6000 G). The Fe~3~O~4~ content was studied with derivative thermo-gravimetric analyzer (TGA; Pyris 1, Perkin Elmer) in air by observing the thermal weight loss of nanogels in the nanogel/SiO~2~ NP and its magnetic counterpart.

2.6. Preparation of nanogel/SiO~2~/poly(acrylic acid) NPs {#sec2.6}
---------------------------------------------------------

Nanogel/SiO~2~ NPs with 4, 6, 8, and 10 h gelation cores were prepared as above. Following dialysis to obtain pure silica-nanogel NPs, we added 50 mg of poly(acrylic acid) (PAA) (dissolved in 50 μL of deionized water) and stirred for 30 min, followed by dialysis in water to obtain pure nanogel/SiO~2~/PAA NPs. The three-layered nanoparticles were characterized by TEM, DLS and X-ray photoelectron spectroscopy (XPS) (Thermo Scientific ESCALab 250Xi using 200 W monochromated Al Kα radiation. A 500 μm X-ray spot was used for XPS analysis. The base pressure in the analysis chamber was about 3 × 10-10 mbar. Typically the hydrocarbon C1s line at 284.8 eV from adventitious carbon was used for energy referencing).

2.7. Preparation of nanogel/SiO~2~/PAA/HA NPs {#sec2.7}
---------------------------------------------

To prepare hydroxyapatite coating on our multi-layered nanoparticles, we first prepared hydroxyapatite (HA) nanoparticles as control by dissolving 7.2 mg potassium phosphate tribasic monohydrate in 9 mL deionized water, followed by the addition of 0.5 mL of deionized water containing 8.9 mg calcium acetate hydrate. After 1 min, the mixture was centrifuged and washed by deionized water 3 times to obtain pure hydroxyapatite nanoparticles. The hydroxyapatite nanoparticles were characterized by TEM and XRD.

Following dialysis to obtain pure nanogel/SiO~2~/PAA NPs as described above, 0.5 mL of deionized water containing 7.2 mg potassium phosphate tribasic monohydrate was added and stirred for 10 min. Next, 0.5 mL of deionized water containing 8.9 mg calcium acetate hydrate was injected. After 1 min, the mixture was centrifuged and washed with deionized water three times to obtain pure nanogel/SiO~2~/PAA/HA NPs, which were then characterized TEM, DLS and XRD.

2.8. Degradation and release studies of the loose and compact nanogels {#sec2.8}
----------------------------------------------------------------------

A series of nanogels were prepared as described above. The *in-vitro* degradation tests of the loose and compact nanogels after cross-linking times of 4, 6, 8 and 10 h were evaluated in 1 × Phosphate Buffered Saline (PBS) containing 5 mM GSHto mimic intracellular compartments of cells. In detail, after a stable mini-emulsion of the organic mixture was obtained, 5 mL of 1 × PBS containing 5 mM GSH was added to terminate the gelation and to investigate the degradation of the nanogels. Isolation of the nanogels was performed as above, dialyzed by 1 × PBS containing 5 mM GSH for predetermined time, and then further dialyzed by deionized water for 3 days to obtain the degraded products of the nanogels. Various degradation times were applied, and studied with TEM.

To study bovine serum albumin (BSA) release from nanogel/Silicon dioxide (SiO~2~) NPs, pure and surfactant-free nanogels obtained above were dialyzed by deionized water for 30 min, and then mixed with 2 mL of 27% ammonium hydroxide. The mixture was immediately injected into 4 mL of ethanol containing 10 μL Tetraethyl orthosilicate (TEOS) and stirred at 300 rpm for 1 h to obtain BSA loaded nanogel/SiO~2~ NPs. The obtained solution was dialyzed by 1 × PBS. After a predetermined time ranging from 1 to 12 h, the liquid was centrifuged at 6000 rpm for 5 min, and the BSA concentration in the buffer solution was determined by the Bradford assay, with the nanoparticles re-dispersed in 1 × PBS following each test.

To study BSA release triggered by high-frequency magnetic field (HFMF), the protocol above for BSA release studies was repeated, but a high-frequency magnetic field (HFMF) with 220 kHz was applied at a predetermined time. After the solution was centrifuged at 6000 rpm for 5 min, the BSA concentration in the buffer solution was tested using the Bradford assay, with the nanoparticles re-dispersed in 1 × PBS following each test.

2.9. Preparation of nanogel/SiO~2~/PAA/HA NPs loaded with rhBMP-2 (Bone morphogenetic protein 2) {#sec2.9}
------------------------------------------------------------------------------------------------

Briefly, 0.2 g of nanogel/SiO~2~/PAA/HA NPs prepared with 4 and 10 h gelation cores were stirred with 1 mL of deionized water containing 3 μg of rhBMP-2 overnight, respectively. The mixture was centrifuged and washed by deionized water twice. The obtained solids were freeze-dried to obtain pure nanogel/SiO~2~/PAA/HA NPs loaded with rhBMP-2. As control, 0.2 g of hydroxyapatite was stirred with 1 mL of deionized water containing 3 μg rhBMP-2 overnight. The mixture was centrifuged and washed by deionized water twice, and the obtained solids were freeze-dried to obtain pure hydroxyapatite loaded with rhBMP-2.

2.10. Preparation of the composite films {#sec2.10}
----------------------------------------

The PLGA films were doped with the four groups of nanoparticles: nanogel/SiO~2~/PAA/HA NP from the 4h gelation core and loaded with rhBMP-2, its equivalent from the 10h gelation core, hydroxyapatite loaded with rhBMP-2, and pure hydroxyapatite. In detail, 0.2 g of each nanoparticles were dispersed in 1.2 g dioxane containing 0.2 g PLGA. After stirring overnight, the mixture was cast onto a polytetrafluoroethylene plate. After most of the solvent had been freeze-dried for 24 h, the obtained films were removed from polytetrafluoroethylene plates and further vacuum-dried thoroughly for 24 h. The thickness of all films was about 0.5 mm. All films were cut into 1 cm length × 0.3 cm width. The films were imaged by digital camera and field emission scanning electron microscopy (SEM, JEOL JSM-6700F microscope).

2.11. Determination of alkaline phosphatase (ALP) activity {#sec2.11}
----------------------------------------------------------

MC3T3-E1, a mouse calvaria-derived osteoblast cell line, was purchased from Cell Culture Center, Peking Union Medical College. Cells were seeded on the four groups of PLGA films above in 24-well plates and incubated in Dulbecco\'s modified Eagle\'s medium (DMEM, Hyclone). At 3, 6, and 9 days, we aspirated the cultured medium from each sample and added 200 μL of 1% Nonidet P-40 (NP-40) solution at room temperature, incubating for 1 h. We then centrifuged the cell lysate, removing 50 μL of supernatant from each well into a 96-well plate, followed by the addition of 50 μL of 2 mg/mL p-nitrophenylphosphate (Sangon) substrate solution composed of 0.1 mol/L glycine and 1 mmol/L MgCl. Following a 30 min incubation time at 37 °C, the reaction was quenched with 100 μL of 0.1 N NaOH. ALP activity was quantified by reading the absorbance at 405 nm on a microplate reader (SPECTRA max 384, Molecular Devices). The total protein content in cell lysates was determined using the bicinchoninic acid method in aliquots of the above samples with the Pierce protein assay kit (Pierce Biotechnology Inc., Rockford, IL), measured at 562 nm and calculated according to a series of albumin (bovine serum albumin) standards. The ALP levels were normalized to the total protein content. All experiments were performed in quadruple.

2.12. Ectopic bone formation {#sec2.12}
----------------------------

The mouse gastrocnemius pocket model was employed to examine the ectopic bone formation of the four groups of films above. Eighteen male mice (eight weeks old, Silaike Inc. Shanghai, China) were divided into 2 groups and anaesthetized with xylazine (0.02 g/kg, Sigma) and ketamine (0.1 g/kg, Sigma). Mice of group A were implanted with film fabricated with rhBMP-2 loaded nanogel/SiO~2~/PAA/HA NP from the 4 h gelation core in the gastrocnemius pouch of its rear left leg, and the 10 h equivalent was implanted respectively in its right leg. Mice of group B were implanted with the rhBMP-2 loaded PLGA/HA film in the gastrocnemius pouch of its left leg, and the negative control PLGA/HA film in the respective left leg. The incision sites were then closed around the implants with resorbable continuous sutures. At 2, 4 and 6 weeks after implantation, the mice were anaesthetized by intraperitoneal injection of pentobarbital (0.06 g/kg) and scanned using X-ray (LX-60 DC12, Faxitron, 48 kv, 0.28 mA, 9.75 ms) to evaluate ectopic bone formation. The mice were then sacrificed with an overdose of pentobarbital (n = 6 for each material and time period) to retrieve the implants. Micro--computed tomography (micro-CT) measurements and digital photos were performed on the harvested implants and ectopic bone with a sample-to-detector distance of 1.6 m.

Histological evaluation was then performed by fixation with 4% neutral buffered formalin for 48 h, followed by decalcification of the ectopic bone samples in 12.5% ethylenediaminetetraacetic acid, dehydrated in a graded series of alcohol, and embedded in paraffin. Serial sections were then stained with hematoxylin-eosin (HE), and images were captured under light microscopy.

3. Results {#sec3}
==========

3.1. Evaluation of loose and compact nanogels as a template for multilayered composites {#sec3.1}
---------------------------------------------------------------------------------------

Adjustment of gelation times from 4 to 10 h produced stable nanogels with sizes from 140 to 80 nm, confirmed by transmission electron microscopy (TEM) images ([Fig. 4](#fig4){ref-type="fig"}a) and dynamic light scattering (DLS) ([Fig. 5](#fig5){ref-type="fig"}). The biodegradable properties of these nanogel templates were correlated as a function of crosslinking times. All these hydrogels demonstrated excellent biodegradability through the cleavage of disulfide bonds by glutathione (GSH), and compacter nanogels with longer gelation time resulted in slower degradation rates ([Fig. S1](#appsec1){ref-type="sec"}).Fig. 4Characterization of various multilayered composite nanoparticles, demonstrating fine control over structure and morphology of each layer. a) TEM images of the nanogel core (Nanogel), nanogel-silica NPs (GS), silica capsules (S), PAA-silica-nanogel NPs (GSP), and HA-PAA-silica-nanogel NP (GSPH). b) TEM images of magnetic nanogel NPs (GF) and magnetic silica-nanogel NPs (GFS).Fig. 4Fig. 5Dynamic light scattering (DLS) results of multilayered composite nanoparticles. Legend: 4 h = NPs obtained from 4 h gelation time of the template.Fig. 5

The structures and sizes of the resulting nanogel/SiO~2~ NPs were heavily dependent on the type of nanogel template used (loose versus compact) ([Fig. 4a](#fig4){ref-type="fig"}, 2). Furthermore, etching the template core imparted varying degrees of porosity onto the resulting SiO~2~ capsules [@bib18], [@bib19], where loose nanogel templates translated to highly porous, sponge-like SiO~2~ shells while compact nanogel templates translated to thin and compact shell walls ([Fig. 4](#fig4){ref-type="fig"}a). It is likely that TEOS readily penetrate through the matrix of loose nanogel templates during sol-gel reactions, resulting in thick, porous SiO~2~ shells, with significant implications in drug delivery. Indeed, release studies of the nanogel/SiO~2~ NPs using bovine serum albumin (BSA) revealed that drug loading and release properties correlated with the type of nanogel template employed during fabrication, such that the loose nanogel templates produced nanogel/SiO~2~ NPs with higher drug loading capacity while the compact nanogel templates led to slower rates of drug release (i.e. better drug retention) ([Fig. 6](#fig6){ref-type="fig"}a), demonstrating excellent control over functional properties at the nanoscale level.Fig. 6Cumulative BSA release profiles of various (a) nanogel/SiO~2~ NPs, Fe~3~O~4~-loaded nanogel/SiO~2~ NPs triggered by (b) a 30 min high-frequency alternating magnetic fields (HFMF) at the 180 min mark, and (c) a 10 min HFMF stimulation applied at the three specific times (at 3, 5 and 7 h), and nanogel/SiO~2~/PAA NPs at (d) pH 1.2 and (e) pH 7.4. (f) ALP activity after 3, 6 and 9 days of culture with various composite biofilms. Legend: 4h or 10h + rhBMP-2 = film fabricated using nanogel/SiO~2~/PAA/HA NPs based on the 4h or 10h nanogel template loaded with rhBMP-2; HAp + rhBMP-2 = positive control of PLGA/HA film loaded with rhBMP-2; HAp = negative control of PLGA/HA film without rhBMP-2.Fig. 6

3.2. Magnetic-sensitive nanoparticles {#sec3.2}
-------------------------------------

TEM images showed that Fe~3~O~4~ particles (dark dots) ([Fig. S2](#appsec1){ref-type="sec"}) embedded evenly throughout the nanogel template, despite little change in particle size ([Fig. 4](#fig4){ref-type="fig"}b). Even with silica coating, the resulting magnetic silica-nanogel NPs likewise displayed little change in size or morphology compared to its nonmagnetic counterpart ([Fig. 4](#fig4){ref-type="fig"}b). Magnetic field curves for magnetic nanogel/SiO~2~ NPs, showing that magnetic field curves and parametric properties were not affected by the type of template core used ([Fig. S3](#appsec1){ref-type="sec"}). The magnetic nanogel/SiO~2~ NPs responded well to high-frequency alternating magnetic fields (HFMF) to burst release loaded BSA ([Fig. 1](#fig1){ref-type="fig"}b) [@bib20], while its BSA release profile in the absence of magnetic stimuli was similar to that of its nonmagnetic counterpart ([Fig. 6](#fig6){ref-type="fig"}a). However, magnetic nanogel/SiO~2~ NPs formed from compact nanogel templates exhibited lower magnetic strength, likely due to less overall NP content as supported by TGA ([Fig. S4](#appsec1){ref-type="sec"}). Thus shorter gelation times during fabrication led to higher magnetic field strength and greater response to HFMF stimuli, resulting in faster burst release of loaded BSA ([Fig. 6](#fig6){ref-type="fig"}b). The reliability of these magnetic field-responsive behaviors was further confirmed by applying HFMF for 10 min at three specific intervals. The release profiles, regardless of the template core used, showed burst release precisely corresponding to each application of HFMF, immediately returning to slow release following each magnetic excitation ([Fig. 6](#fig6){ref-type="fig"}c).

3.3. Multilayered composite nanoparticles with pH-sensitive release and HA coating {#sec3.3}
----------------------------------------------------------------------------------

With deeper understanding of the design criteria required to fabricate stimuli-responsive and bio-functional multilayered composite NPs, we next sought to design a smart drug carrier with superior drug loading capacity and therapeutic performance. Specifically, we aimed to integrate additional layers with pH-responsive functionality for targeted drug release.

The resulting tri-layered nanogel/SiO~2~/PAA NPs were characterized by TEM imaging ([Fig. 4](#fig4){ref-type="fig"}a), DLS ([Fig. 5](#fig5){ref-type="fig"}), and XPS spectra ([Fig. S5](#appsec1){ref-type="sec"}), showing the presence of PAA as a thick layer (∼10 nm) surrounding the silica coated NPs regardless of the nanogel template used. We then demonstrated pH-responsive drug delivery with these nanoparticles by measuring BSA release in various buffered solutions. Interestingly, the BSA release profile of the nanogel/SiO~2~/PAA NP was much slower than its nanogel/SiO~2~ equivalent in HCl-KCl buffer (at pH 1.2) ([Fig. 6](#fig6){ref-type="fig"}a,d). In fact, BSA release from the nanogel/SiO~2~/PAA NP was minimal in the first five hours, and only reached 8--16% within 12 h ([Fig. 6](#fig6){ref-type="fig"}d). The same study in phosphate buffer (pH 7.4) showed similar release profiles for both NPs ([Fig. 6](#fig6){ref-type="fig"}e). Furthermore, shorter gelation times of the nanogel template led to the fabrication of nanogel/SiO~2~/PAA NPs with greater responsiveness to pH stimuli ([Fig. 6](#fig6){ref-type="fig"}d). To explain these trends, we propose that under acidic conditions the outer PAA coating tightly entrap drugs loaded in the porous silica layer, enabling high drug retention ([Fig. 1](#fig1){ref-type="fig"}c). Under mild to neutral conditions (above pH 5.35), the carboxyl groups of PAA are partially or fully deprotonated and therefore repel [@bib21], [@bib22], resulting in swelling of the linear PAA chains and dissociation of the PAA shell, releasing drugs from within. Importantly, our design strategy for "smart" drug delivery vehicles enables fine-tuning of the responsiveness to pH-stimuli. As we shorten the gelation time to create a more porous silica layer, polymer chains of the nanogel core extend and protrude further, leading to a thicker PAA coating and thereby improving the pH-responsiveness ([Fig. 4](#fig4){ref-type="fig"}a).

We next evaluated our four-layered nanogel/SiO~2~/PAA/HA NPs. A needlelike coating of calcium phosphate was observable on the nanoparticles according to TEM ([Fig. 4](#fig4){ref-type="fig"}a), and the crystalline phase of the outer calcium phosphate was confirmed by XRD spectra to be significantly close to the standard spectrum of conventional hydroxyapatite regardless of the gelation template used (from 4, 6, 8, and 10 h gelation times) ([Figs. S6, S7](#appsec1){ref-type="sec"}). Particle size analysis with DLS revealed that gelation time of the nanogel cores strongly influenced the final particle size of the four-layered nanoparticles ([Fig. 5](#fig5){ref-type="fig"}), with shorter gelation times leading to larger particles.

3.4. Application of multilayered composite NPs as periosteum-mimetic films {#sec3.4}
--------------------------------------------------------------------------

Next, we explored alternative applications of the MC-NPs, recognizing their potential as controlled-release carriers incorporated into periosteum-mimetic films and sheets. The periosteum, a thin membrane that surrounds bone scaffolds, has recently gained spotlight for its key role in orchestrating bone remodeling processes, resulting in numerous endeavors to engineer periosteum-mimetic structures [@bib23]. One effective strategy is to encapsulate rhBMP-2, an osteogenic soluble growth factor, into appropriate carriers for continuous, long-term release throughout the bone remodeling process. Various biocompatible carriers have been reported for this purpose, such as collagen, β-tricalcium phosphate (β-TCP), biphasic calcium phosphate (BCP), HA, and polymer composites [@bib24]. However, collagen carriers require excessive drug dosages due to low loading efficiency [@bib25], while ceramics such as β-TCP and HA do not meet the mechanical requirements to contour bone surfaces [@bib24]. Several ceramic/polymer composites have been recently designed to overcome poor loading capacity and mechanical properties, yet release kinetics are still inadequate due to a large initial burst release and poorly controlled slow release thereafter [@bib26], [@bib27], [@bib28], [@bib29].

Therefore, the HA-doped NPs were incorporated into poly(D,L-lactic-*co*-glycolic acid) (PLGA) films to improve the loading capacity and controlled release of rhBMP-2 ([Fig. 1](#fig1){ref-type="fig"}d). We evaluated the biofilms *in-vitro* and *in-vivo* for bone tissue repair compared to traditional PLGA/HA composite films loaded with rhBMP-2 as a positive control. Structural and morphological characteristics of the composite films were similar to that of PLGA/HA films ([Figs. S8, S9](#appsec1){ref-type="sec"}). To evaluate osteogenic performance *in-vitro*, we monitored the alkaline phosphatase (ALP) activity of MC3T3-E1, a mouse calvaria-derived osteoblastic cell line, in Dulbecco\'s modified Eagle\'s medium (DMEM) for 3, 6, and 9 days. Thus in the absence of osteogenic factors, the negative control group of PLGA/HA lacking rhBMP-2 showed minimal ALP activity ([Fig. 6](#fig6){ref-type="fig"}f). Interestingly, the composite biofilms fabricated from 4 h gelation templates performed significantly better in osteogenic performance than the 10 h gelation equivalent and the rhBMP-2 loaded PLGA/HA control ([Fig. 6](#fig6){ref-type="fig"}f), likely due to better drug loading capacity and controlled drug release.

3.5. Evaluation of osteogenic performance of the composites biofilms *in-vivo* {#sec3.5}
------------------------------------------------------------------------------

Following, we evaluated the osteogenic performance of the composites biofilms *in-vivo* through ectopic bone formation in the mouse gastrocnemius pocket model ([Fig. 7](#fig7){ref-type="fig"}). The 4 h and 10 h gelation templates, loaded with rhBMP-2, were used to fabricate the composite biofilms as above, with positive and negative controls using PLGA/HA films with and without rhBMP-2 respectively. Excitingly, the rhBMP-2 loaded composite film from the 4h gelation template induced significantly higher density and volume of new bone formation at 2 and 4 weeks compared to the other groups in X-ray images, digital photographs, and 3D micro-CT restructured images ([Fig. 8](#fig8){ref-type="fig"}). In fact, histological staining with H&E revealed a large amount of trabecular bone formation and minimal fibrous tissue within the ectopic bone from the 4 h gelation template group, with blood vessels even forming by 4 weeks ([Fig. 8](#fig8){ref-type="fig"}). On the other hand, the rhBMP-2 loaded composite film from the 10 h gelation template possessed slightly higher new bone formation compared to the rhBMP-2 loaded PLGA/HA film, though ectopic bone pellets produce little bone tissue. In turn, the negative control group of PLGA/HA film without rhBMP-2 showed fibrous tissue but no new bone tissue at 2 and 4 weeks. Further, the 4 h gelation template group showed superior biodegradation by 6 weeks compared to the other groups in X-ray and micro-CT ([Fig. S10](#appsec1){ref-type="sec"}).Fig. 7Photographs of the surgical procedure.Fig. 7Fig. 8X-ray, micro-CT, photograph, and H&E characterizations of ectopic bone formation in the mouse gastrocnemius pocket model after (a) 2 and (b) 4 weeks of film implantation. (B: bone, M: residual materials, F: fibrous tissue, Arrow: blood vessel).Fig. 8

4. Discussion {#sec4}
=============

To set the groundwork in a solid design platform, we induced heterogeneous growth of various functional layers onto the fine-tunable nanogel templates reported previously to produce four representative series of MC-NPs ([Fig. 1](#fig1){ref-type="fig"}a), including SiO~2~ coating, pH-sensitive poly(acrylic acid) (PAA), magnetic field-sensitive Fe~3~O~4~, and needlelike hydroxyapatite (HA) coating.

Despite additional levels of complexity and design degrees of freedom afforded by each functional layer, controlled formation of MC-NPs was achieved by finely tunable nanogel templates, while structures and properties of each layer could be selectively designed. First, a staple of nanogel templates with varying sizes and structures were attained by inversion emulsion of a hyperbranched polymer consisting of poly(amido amine) core and poly(ethylene glycol) shell ([Fig. 2](#fig2){ref-type="fig"}), where loose nanogels were obtained by early termination of the pH-dependent thiol- disulfide exchange, and compact nanogels were obtained by late neutralization of gelation ([Fig. 3](#fig3){ref-type="fig"}). With such facile control over structural and biodegradable properties, these nanogels show promise as an ideal template for fabricating MC-NPs.

We next deposited SiO~2~ coatings by the sol-gel method on selected nanogel templates to demonstrate facile control over the functional properties of subsequent layers. Assembly and hydrolysis of TEOS is widely employed to coat nanogel templates and improve the biocompatibility and stability of the nanoparticles [@bib30], [@bib31], [@bib32], [@bib33]. Third, we implemented stimuli-responsive functionality to the nanogel/SiO~2~ NPs to enable "smart", accurate, and targeted drug release by mixing Fe~3~O~4~ particles with the nanogel polymer prior to gelation [@bib34], [@bib35], [@bib36], [@bib37]. These studies suggest exceptional control over drug loading capacity, drug release, and stimuli-responsive burst release to reach the therapeutic window within a short time by simply optimizing the gelation times. To achieve pH-responsive functionality, we optimized the design of the nanogel/SiO~2~ core/shell NPs so that polymer chains of the nanogel would protrude through the spongy mesopore of the SiO~2~ shell, exposing its positively charged amine groups onto the outer surface to allow for continuous electrostatic assembly and encapsulation of the ionizable groups by the pH-sensitive poly(acrylic acid) (PAA) [@bib38], [@bib39], [@bib40], [@bib41], [@bib42]. The "smart" MC-NPs would prove particularly useful as orally administered drug delivery vehicles targeting the intestines, since the therapeutic drugs would remain well protected under the acidic conditions of the stomach. Following, we integrated a fourth layer of HA coating to improve biocompatibility of the nanogel/SiO~2~/PAA NPs. We utilized the convenient anionic carboxyl groups of PAA to enable a high degree of coordination with Ca^2+^ and PO~4~^3−^ to induce formation of HA crystals, resulting in a four-layered nanogel/SiO~2~/PAA/HA NPs. The osteogenic results demonstrate the promising therapeutic performance of the MC-NP doped biomaterials in applications beyond drug delivery, such as for periosteum-mimetic structures for bone repair [@bib43], [@bib44], [@bib45], [@bib46].

5. Conclusion {#sec5}
=============

In summary, we have demonstrated the sequential assembly of multilayered composite NPs with a flexible nanogel template, porous silica shell of various thickness and drug release kinetics, magnetic or pH-responsive functionality, and hydroxyapatite coating. The ability to finely tune the structural and functional properties of each layer provides a rich, versatile, and powerful tool for designing "smart" and therapeutic drug carriers. This layer-by-layer technique is scalable and highly controllable, enabling streamlined work procedures for the medical treatment of oncology, digestive diseases, and orthopedics.
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The following is the supplementary data related to this article:

We gratefully acknowledge MOST (2014CB932200), "Young Thousand Talents Program", and NSFC (21674120, 81630056, 21504096, 51573195, 21474115 and 21174147) for financial support.

Peer review under responsibility of KeAi Communications Co., Ltd.

Supplementary data related to this article can be found at [http://dx.doi.org/10.1016/j.bioactmat.2017.06.003](10.1016/j.bioactmat.2017.06.003){#intref0010}.

[^1]: These two authors contributed equally to this article.
